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Abstract
An electron paramagnetic resonance (EPR) signal near g = 6 in Photosystem II (PSII) membranes has been assigned to a
high spin form of cytochrome (Cyt) b559 (R. Fiege, U. Schreiber, G. Renger, W. Lubitz, V.A. Shuvalov, FEBS Lett. 377
(1995) 325^329). Here we have further investigated the origin of this signal. A slow formation of the signal during storage in
the dark is observed in oxygen-evolving PSII membranes, which correlate with the oxidation of Fe2 by plastosemiquinone
or oxygen. Removal of oxygen inhibits formation of the high spin iron signal. The g = 6 EPR signal is photoreduced at
cryogenic temperatures and is restored slowly by subsequent dark storage at 77 K. The amplitude of the photoreduced signal
increases as the pH is lowered, which shows that the origin is not the hydroxyl ligated Cyt b559 species proposed previously.
Different cryoprotectants also influence the amplitude and lineshape of the high spin iron signal in a manner suggesting that
smaller cryoprotectants can penetrate the iron environment. A correlation between the high spin iron and g = 1.6 EPR signal
assigned to an interaction involving the semiquinones of Qa and Qb is shown. It is concluded that the appearance of the high
spin iron signal in oxygen-evolving PSII membranes involves reduced PSII electron acceptors and oxygen and suggests that
the signal is from the non-haem iron of PSII. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
The initial charge separation in Photosystem II
(PSII) is from the reaction centre chlorophyll (Chl),
P680, to a plastoquinone, Qa, via pheophytin (re-
viewed in [1,2]). Qa transfers the electron to the sec-
ondary quinone Qb. A non-haem iron is located be-
tween Qa and Qb but it does not function in normal
electron £ow. Qb sequentially accepts two electrons
and takes up two protons. In the doubly reduced
protonated form, QbH2 is replaced by a plastoqui-
none [1,2]. Qa and Qb cofactors are identical plasto-
quinones, so their distinct properties can only result
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Abbreviations: PSII, Photosystem II; Chl, chlorophyll; P680,
PSII primary electron donor; Em7, midpoint redox potential at
pH 7; HEPES, N-(2-hydroxyethyl)piperazine-NP-(2-ethanesul-
phonic acid); FCCP, carbonyl cyanide p-(tri£uoromethoxy)phe-
nylhydrazone; EPR, electron paramagnetic resonance spectrosco-
py; DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea; PPBQ,
phenyl-1,4-benzoquinone; DDQ, 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone; MES, 2-(N-morpholino)ethanesulphonic acid;
Qa, the ¢rst PSII plastoquinone electron acceptor; Qb, the sec-
ond PSII plastoquinone electron acceptor; YD, tyrosine D2 161
(YcD when oxidised); Cyt b559, cytochrome b559
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from di¡erences in their protein environments. The
di¡erences between the properties of Qa and Qb are
probably a factor in imposing the asymmetry in the
pathway of electron transfer from P680.
Tyrosine D2 161 (YD), cytochrome (Cyt) b559 and
Chl Z are alternative electron donors to oxidised
P680 [1]. Cyt b559 is closely associated with the
PSII reaction centre core [1^4]. The cytochrome ex-
hibits a number of redox forms (+50 to +350 mV).
The higher potential forms can act as electron do-
nors to P680 when PSII is illuminated at 77 K.
These higher redox potential forms are lost during
PSII puri¢cation or by treatments causing structural
changes to PSII, suggesting that a special haem en-
vironment is present in vivo. The low redox potential
haem is normally oxidised in the dark by the ambient
redox potential. Cyt b559 is involved in cyclic electron
£ow around PSII, because it has been shown to be
both photooxidised by P680 and photoreduced by
plastoquinol [1^4].
The midpoint redox potential at pH 7 (Em7) of the
non-haem iron Fe2/Fe3 couple was determined to
be +400 mV with a pH dependence of 60 mV per pH
unit from pH 6 to 8.5, indicating that reduction is
associated with proton binding [5]. Therefore, the
non-haem iron acts as a single electron carrier under
oxidising conditions. The non-haem iron in PSII can
be oxidised by the Qbc3/QbH2 couple when using
exogenous quinones such as phenylbenzoquinone
(PPBQ) that have a high redox potential for this
couple [5,6]. The electroparamagnetic resonance
(EPR) signal of the oxidised non-haem iron near
g = 6 has been used as a sensitive probe of the elec-
tron acceptor complex [5^11]. Changes in the EPR
spectrum occur when the Qb binding site is occupied
either by herbicides or quinone analogues, and when
bicarbonate binding is a¡ected. Bicarbonate acts as a
cofactor in PSII, probably binding to the non-haem
iron [1,2].
In a series of recent papers, an EPR signal near
g = 6 was observed in various PSII preparations. In
the highly puri¢ed reaction centre D1D2cytb559 prep-
aration the signal was identi¢ed as coming from a
form of Cyt b559 [12]. In this preparation the non-
haem iron of PSII is thought to have been lost [13].
The work was extended to more intact forms of PSII
and a similar signal was observed and also assigned
to a high spin form of Cyt b559 [14^16]. However,
this assignment has not been agreed. In [4] an assign-
ment to a contamination by the cytochrome b6/f
complex was suggested whilst a g = 6 high spin iron
signal observed in a CP47-D1D2cytb559 preparation
was attributed to the non-haem iron [17]. No light
induced changes to the latter signal were reported.
In this paper we discuss the possible involvement
of the oxidised non-haem iron in the g = 6 signals
found in oxygen-evolving PSII membranes. The
new data indicate that in PSII membranes high
spin iron can be formed by a mechanism involving
oxygen and the native plastoquinone under some
conditions. This has implications for plastoqui-
none binding sites, the possible roles for non-haem
iron, Cyt b559 and the interaction of oxygen with
PSII.
2. Materials and methods
PSII membranes were prepared from market spin-
ach or freshly cropped 10^14 day old pea seedlings
using Triton X-100, with the modi¢cations of Ford
and Evans [18]. Reagents used were all analytical
grade. Chlorophyll was measured by the method of
Porra [19].
Control rates of oxygen evolution for PSII mem-
branes were 400^1000 Wmoles O2/mg Chl/h (the
lower rates were obtained in large scale spinach prep-
arations) using ferricyanide and dimethylbenzoqui-
none as electron acceptors and measured in a
Clark-type oxygen electrode at 298 K. The mem-
branes were stored at 77 K in 20 mM 2-(N-morpho-
lino)ethanesulphonic acid (MES), 15 mM NaCl,
5 mM MgCl2, pH 6.5 plus cryoprotectant (bu¡er
A). 0.4 M sucrose, 30% v/v ethylene glycol or 25%
v/v glycerol were used as cryoprotectants as dis-
cussed in Section 3. Before preparation of EPR sam-
ples, the PSII membranes were (except where stated)
washed in bu¡er A containing 2 mM EDTA to re-
move adventitiously bound Mn2, followed by cen-
trifugation and resuspension in 20 mM MES, 15 mM
NaCl, 4 mM MgCl2, 1 mM CaCl2, pH 6.5 plus cry-
oprotectant (0.4 M sucrose, 30% v/v ethylene glycol
or 25% v/v glycerol). pH 5.5 bu¡er required 20 mM
MES, pH 5.5 whilst pH 7.5 was achieved by substi-
tuting 20 mM HEPES pH 7.5 for MES. Chloroplast
thylakoid membranes for EPR samples were washed
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and resuspended in bu¡er A without cryoprotectant
as discussed in the text below.
For EPR, 0.3^0.4 ml samples (approx 6^10 mg
Chl/ml; 25^40 WM PSII) were placed in calibrated
3 mm quartz EPR tubes. They were given a brief
15^30 s illumination to turnover the PSII reaction
centre and restore YcD lost on storage. Further pro-
cedures were carried out in the dark or under a dim
green light. Samples were dark-adapted for 3 h (ex-
cept where stated) at 273 K then treated as described
in the text and ¢gure legends. Additions of 0.5 to
1 mM phenyl-1,4-benzoquinone (PPBQ) or 0.25
mM carbonyl cyanide p-(tri£uoromethoxy)phenylhy-
drazone (FCCP) were made from freshly made con-
centrated stock solutions in dimethyl sulphoxide
(maximum ¢nal concentration 1%). To investigate
the involvement of oxygen or derivatives, superoxide
dismutase (EC 1.15.1.1 from bovine erythrocytes) 10
Wg/ml or glucose oxidase (EC 1.1.3.4 from Aspergil-
lus niger) 150 Wg/ml, catalase (EC 1.11.1.6 from bo-
vine liver) 150 Wg/ml and glucose 10 mM were added
to samples in EPR tubes and then the tubes were
£ushed with oxygen-free nitrogen. Treated or un-
treated samples were then dark-adapted for a further
30 min on ice before being frozen to 77 K in the dark
(total dark adaptation 4 h). This produced samples
initially in the S1 state, as indicated by the absence of
the S2 EPR markers, the multiline signal or the
g = 4.1 signal. Absence of Photosystem I was con-
¢rmed by the lack of signals from oxidised P700 or
reduced iron-sulphur centres A or B following illu-
mination at 6 30 K.
During experiments, samples were illuminated at a
variety of temperatures. Illumination in the EPR cav-
ity at 6 30 K used a 150 W light source and ¢bre-
optic light guide, whilst other illumination used a
1000 W light source, protecting the sample from
heating where necessary by a 5 cm water ¢lter. 200
K illumination was performed in an unsilvered dewar
using ethanol and dry ice to maintain the temper-
ature.
Samples were examined by EPR at cryogenic tem-
peratures using a Jeol RE1X spectrometer ¢tted with
an Oxford Instruments cryostat. EPR conditions are
given in the ¢gure legends. Spectra were recorded
and manipulated using a Dell microcomputer run-
ning Asyst software. No ¢ltering, smoothing, ¢tting
or background subtractions were used. Di¡erence
spectra were obtained only from subtraction of spec-
tra from the same sample. The vertical scale in ¢g-
ures showing ¢rst derivative EPR spectra is arbi-
trary, with spectra at the same instrument gain
unless stated in the ¢gure legend. The ¢eld scale cor-
responds to g-values as follows: g = 6 at 107.6 mT,
g = 3 at 215.2 mT and g = 2 at 322.8 mT. Identical
sets of samples in calibrated EPR tubes were made
for each experiment, using the same preparation and
chlorophyll concentration.
3. Results
Fig. 1A shows EPR spectra at 9 K of the high spin
(g = 6) and low spin (g = 3) iron regions in oxygen-
evolving pea PSII membranes with sucrose as cryo-
protectant. Fig. 1 spectrum A shows the spectrum of
a sample, brie£y illuminated at 273 K, then dark-
adapted for 4 h before freezing. It has features at
210 mT, near g = 3 (autooxidised or low potential
Cyt b559, low spin haem Fe3 gz peak); 150 mT,
g = 4.3 (adventitious iron) and 110 mT, near g = 6
(high spin Fe3). The g = 6 peak is decreased by illu-
mination in the EPR cavity at 9 K (Fig. 1 spectrum
B and illuminated minus dark di¡erence spectrum,
Fig. 1 spectrum C) whilst high potential Cyt b559 is
photooxidised, the gz peak of this species near g = 3
being at slightly higher g-value than the dark signal.
The amount of autooxidised cytochrome increases
with the age of the sample. Qa and Qb semiquinones
have characteristic EPR signals, which are broadened
due to interaction with the nearby non-haem iron.
Measurements on the Qa iron-semiquinone signal
indicate that approx. 50% of PSII centres have trans-
ferred an electron during the illumination at 9 K
compared to illumination at 77 K. Illumination at
77 K removes more of the g = 6 signal and 200 K
illumination for 5 min removes the g = 6 signal al-
most completely (Fig. 1 spectra D, E) The decrease
in the g = 6 peak caused by illumination at cryogenic
temperature plus the EPR conditions required to ob-
serve it, indicate that the g = 6 signal is very similar
to that studied by Shuvalov and co-workers [14^16].
In [14^16] the exogenous quinone 2,3-dicyano-5,6-
dichlorobenzoquinone (DDQ), which has a high re-
dox potential, was required to produce the g = 6 sig-
nal in chloroplasts at pH 7.5 or PSII membranes at
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pH 6.5. This indicates that the cofactor involved has
a high, 300^500 mV, redox potential. It has previ-
ously been shown that halogenated quinones can
cause oxidation of the non-haem iron [20]. Involve-
ment of the non-haem iron of PSII was discounted in
[14^16] by the EPR position and lineshape not being
that usually associated with the non-haem iron of
PSII. The signal was therefore attributed to a similar
species found in puri¢ed D1D2 reaction centre prep-
arations. In their analysis Shuvalov and co-workers
[12,14^16] conclude that the g = 6 signal found in
PSII is due to Cyt b559 but with the ferric haem
ligated by OH- (Cyt b559 FeIII-OH).
The yield of photoreducible high spin iron in-
creases slowly with dark adaptation (Fig. 2, see
also Fig. 5 below). We used the light induced de-
crease of the signal at cryogenic temperatures in ad-
dition to the dark spectrum to measure the extent of
the g = 6 signal, as there are other EPR signals found
near g = 6 in some samples which overlapped with
the signal studied but which did not respond to illu-
mination. The spectrum of Qa iron-semiquinone ob-
served to high ¢eld of g = 2 during dark adaptation
initially contains a mixture of g = 1.9 and g = 1.6
forms but the latter decreased markedly in a 21 h
dark-adapted sample (Fig. 2). The yield of dark oxi-
dised Cyt b559 near g = 3 increased slowly during
dark adaptation and is greater if the sample is not
preilluminated (see Section 2).
The amplitude of the g = 6 and Cyt b559 signals at
three pH values, pH 5.5, 6.5 and 7.5, was also mea-
sured (Fig. 3). As the pH is lowered, the amount of
Cyt b559 autooxidised increased (see also [21]) such
Fig. 1. EPR spectra of high and low spin iron in Photosystem
II showing the g = 6 signal from PSII which responds to illumi-
nation at cryogenic temperatures. (Upper box) A, spectrum of
sample following 4 h dark adaptation. Pea PSII membranes (8
mg Chl/ml, using 0.33 M sucrose as cryoprotectant). B, spec-
trum of sample following illumination at 9 K for 2 min. C, dif-
ference spectrum B3A. Note increase in gz peak of cytochrome
b559 and decrease in high spin iron peak near g = 6. The g = 3
and g = 6 regions referred to in the text are arrowed. (Lower
box) D, 4 h dark-adapted (dark line) and then 200 K illumi-
nated for 10 min (faint line). E, di¡erence spectrum showing
g = 6 component of signal removed by 200 K illumination. EPR
conditions: microwave power 10 mW, temperature 9 K, modu-
lation amplitude 1.6 mT, microwave frequency 9.055 GHz.
Each spectrum is the average of two 2 min scans.
6
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that the yield of Cyt b559 produced by illumination at
9 K in this preparation decreased from 35% (of total
Cyt b559) at pH 7.5 through 27% at pH 6.5 to 17% at
pH 5.5. In contrast, the light induced change of the
g = 6 signal increased at lower pH, the change in the
signal amplitude at pH 5.5 being 5-fold that at pH
7.5 (Fig. 3). The g = 6 signal removed by illumination
at approx. 10 K recovered slowly on storage of the
sample in the dark at 77 K. A further illumination
decreased the signal again. Therefore a slow recom-
bination reaction occurs on 77 K storage. These data
are not consistent with the g = 6 signal arising from a
Cyt b559 FeIII-OH species which would be expected
to decrease in concentration with decreasing pH.
They do suggest that the g = 6 signal may be linked
to the non-haem iron and quinone electron acceptor
chain of PSII as the light response characteristics of
the axial g = 6 signal are very similar to that already
characterised for the oxidised non-haem iron [5,8,22].
The g = 1.9 (330 mT) form of the Qa iron-semi-
quinone is the main Qa species observed. It is also
important to note that the yield of Qa iron-semiqui-
none signal in Fig. 3 also decreases with pH being
just over 50% at pH 5.5 of that at pH 7.5. This was
Fig. 2. Prolonged dark adaptation increases the extent of the
light induced reduction of the high spin iron signal in photosys-
tem II. EPR spectra of PSII membranes (5 mg Chl/ml, using
20% glycerol as cryoprotectant). Spectra shown are the di¡er-
ence spectrum of a sample illuminated at 9 K minus the sample
in the dark-adapted state. A, illuminated at 273 K then 1.25 h
dark-adapted before freezing. B, illuminated at 273 K then 4 h
dark-adapted. C, illuminated at 273 K then 21 h dark-adapted.
EPR conditions as in Fig. 1.
Fig. 3. EPR spectra showing the pH dependence of the light in-
duced change to the high spin iron signal in photosystem II. 4 h
dark-adapted pea PSII membranes (6 mg Chl/ml, using 0.33 M
sucrose as cryoprotectant) were illuminated at 9 K for 2 min
and the light induced di¡erence spectrum is shown. A, pH 7.5;
B, pH 6.5; C, pH 5.5. EPR conditions as in Fig. 1. The g = 2
(323 mT), g = 3 (215 mT) and g = 6 (108 mT) regions are ar-
rowed. The spikes near g = 4 (160 mT) are caused by subtrac-
tion of the large g = 4.3 signal and are not reproducible.
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partly due to the increased dark oxidation of Cyt b559
at lower pH and its loss as a potential electron donor
but also partly due to the g = 6 species acting as an
alternate electron acceptor.
We have used FCCP in previous experiments to
increase the level of Qb semiquinone in PSII mem-
branes and to show that an EPR signal observed
near g = 1.6 in PSII was from the state Qac3 Fe2
Qbc3 [8^10]. Using this we now investigated whether
there was a link between Qb semiquinone levels and
the yield of the g = 6 signal. Fig. 4A shows the EPR
spectrum of an FCCP treated PSII membrane sample
with glycerol as cryoprotectant. Fig. 4 con¢rms pre-
vious observations that FCCP induced almost com-
plete oxidation of Cyt b559 in the dark. The g-value
of the signal is higher (g = 3.01) than that of dark
oxidised Cyt b559 in untreated controls (g = 2.97).
Fig. 4B shows the spectrum following illumination
of the sample at 9 K for 2 min. The light induced
changes to Cyt b559 are very small but the photo-
reduction of the g = 6 signal in the di¡erence spec-
trum, Fig. 4C, is increased compared to untreated
controls. g = 1.9 (Qac3 iron-semiquinone) and g = 1.6
(Qac3 Fe2 Qbc3) signals obtained from photoreduc-
Fig. 4. FCCP increases the yield of the light responsive g = 6
EPR component. A, 4 h dark-adapted PSII membranes (8 mg
Chl/ml, using 20% glycerol as cryoprotectant) with 0.25 mM
FCCP added after 3 h. B, spectrum of sample following illumi-
nation at 10 K for 2 min. C, di¡erence spectrum B3A. Note
almost complete oxidation of Cyt b559 following FCCP treat-
ment. D, sample thawed then frozen under illumination and re-
corded. EPR conditions as in Fig. 1. The g = 1.9, g = 3 and
g = 6 regions are arrowed.
Fig. 5. Dark adaptation increases the yield of high spin iron in
samples treated with FCCP. EPR spectra of dark adapted PSII
membranes (8 mg Chl/ml, using 0.33 M sucrose as cryoprotec-
tant). Samples contain 0.25 mM FCCP added after illumina-
tion. A, illuminated at 273 K then 1 h dark-adapted. B, illumi-
nated at 9 K minus the dark adapted spectrum of sample in A.
C, illuminated at 273 K then 4 h dark-adapted. D, illuminated
at 9 K minus the dark-adapted spectrum of sample in C. E, il-
luminated at 9 K minus the dark-adapted spectrum of sample
not preilluminated before 4 h dark adaptation. EPR conditions
as in Fig. 1. The arrow indicates the g = 6 signal.
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tion of Qa are also observed. If the sample is then
thawed and frozen under illumination (Fig. 4D) to
fully reduce both Qa and Qb electron acceptors of
PSII, both the light sensitive g = 6 and g = 1.6 species
are removed. An increased yield of the Qa iron semi-
quinone is observed at g = 1.9 due to removal of the
interaction (Qac3 Fe2 Qbc3), which gave rise to the
g = 1.6 form. These results provide further evidence
that the g = 6 signal is an oxidised species which can
be photoreduced.
Fig. 5 shows FCCP treated samples after 1 h (A)
and 4 h (C) of dark adaptation following a short
illumination at 273 K. In FCCP treated samples,
the Cyt b559 is oxidised and the yield does not change
as the g = 6 signal develops during dark adaptation.
The g = 6 signal (arrowed) forms only slowly in these
samples and is unrelated to the oxidation of Cyt b559
by FCCP. If a 4 h dark adaptation is given to a
sample not preilluminated at 273 K, the yield of
the g = 6 signal is decreased as in untreated samples
(Fig. 5E). Preillumination followed by prolonged
dark adaptation is therefore required to maximise
the yield of the high spin iron signal. This can be
explained by a requirement for initial reduction of
Qb or the plastoquinone pool. This would then be
oxidised slowly to form Qbc3, leading to detection of
the g = 1.6 form of the iron-semiquinone signal as
previously shown [8^10]. This semiquinone could
then be involved in the process forming the species
responsible for the g = 6 signal.
The presence of Qbc3 in PSII samples can also be
further investigated using the addition of PPBQ
which on reduction to PPBQ3 by Qbc3 can then
oxidise the non-haem iron to give a characteristic
rhombic Fe3 EPR signal near g = 6. This species
can subsequently act as an electron acceptor at cryo-
genic temperatures. Fig. 6A shows that in samples
where the exogenous quinone, PPBQ, was added in
the dark shortly after the start of the dark adapta-
tion, no g = 6 signal was subsequently detected and a
light induced g = 6 change was absent. This indicates
that no substantial population of Qbc3 exists at short
dark adaptation times. Fig. 6B shows the character-
istic split g = 6 signal from non-haem iron (g = 8.25,
5.55).
Fig. 6C^G show the g = 6 sample obtained in 4 h
dark-adapted samples following the protocol of Fig.
1. Fig. 6C shows that removal of oxygen and per-
C
Fig. 6. Light induced changes near g = 6 in photosystem II.
PSII membranes (6 mg Chl/ml) (A^G) or chloroplast thylakoid
membranes (8 mg Chl/ml) were used as indicated. Unless stated
each spectrum shows the di¡erence between the 4 h dark-
adapted sample and the sample after illumination at 9 K. Sam-
ples have 0.33 M sucrose as cryoprotectant unless stated. A,
sample with PPBQ added after 20 min of the dark adaptation
period. B, sample as A then illuminated at 77 K, thawed in the
dark for 1 min at 273 K and refrozen. C, sample with glucose,
glucose oxidase and catalase added at the start of dark adapta-
tion. Samples D^H, no additions other than cryoprotectant
shown. D, 30% ethylene glycol as cryoprotectant. E, 25% glyc-
erol as cryoprotectant. F, sucrose as cryoprotectant. G, no cryo-
protectant. H, chloroplast thylakoid membranes, no detergent
or cryoprotectant. EPR conditions as in Fig. 1 (See Section 2
for details). g = 8 is at 80.7 mT and g = 6 is at 107.6 mT.
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oxide by the glucose/glucose oxidase/catalase enzyme
system prevents formation of the g = 6 signal. This
shows that oxygen or peroxide is involved in these
processes and that the slow oxidation of plastoquinol
is the source of the plastosemiquinone. This is con-
sistent with the results above, greater formation of
plastoquinol during preillumination accounting for
the greater yields of plastosemiquinone obtained fol-
lowing dark adaptation.
Fig. 6D^H show how the lineshape of the high
spin iron signal is a¡ected by the cryoprotectant.
Fig. 6D shows a light induced di¡erence spectrum
from a sample with 30% ethylene glycol as cryopro-
tectant (minimum at g = 6.65), Fig. 6E with 20%
glycerol as cryoprotectant, Fig. 6F with 0.33 M su-
crose as cryoprotectant (minimum at g = 6.02), Fig.
6G with no cryoprotectant and Fig. 6H in chloro-
plast thylakoid membranes (not detergent treated
and with no cryoprotectant). The spectra D^H
show that the smaller cryoprotectants cause a mod-
i¢cation in the lineshape of the g = 6 high spin iron
spectrum whilst larger cryoprotectants such as su-
crose are similar to no cryoprotectant being present.
This suggests that small molecules have greater ac-
cess to the site. All the samples give an axial or near
axial signal compared to the well-characterised
rhombic signal of the oxidised non-haem iron (Fig.
6B) observed using PPBQ.
The previous experiments in our laboratory [8^10]
which studied the g = 1.6 signal (Qac3 Fe2 Qbc3)
were conducted using glycerol as cryoprotectant.
To establish a further link between the origins of
g = 1.6 and g = 6 signals, the e¡ects of cryoprotectant
on both the g = 1.6 and g = 6 signal were now inves-
tigated. Fig. 7 shows the 9 K illuminated dark spec-
tra at pH 6.5 of PSII membranes resuspended in
bu¡ers containing (a) ethylene glycol, (b) glycerol
and (c) sucrose. It can be seen that increased yields
of the g = 1.6 form of iron-semiquinone are obtained
in ethylene glycol and glycerol samples compared to
sucrose PSII. There is also an increase in autooxi-
dised b559 in the sucrose sample (not shown but in-
dicated by the lower yield of photooxidised Cyt b559
at g = 3). The extent of the light induced decrease at
g = 6 is smallest in the sucrose PSII. Figs. 6 and 7
show that cryoprotectants clearly a¡ect the electron
acceptor properties of PSII in addition to their well
known e¡ects on the EPR spectra of the Mn com-
plex [1]. In summary, the yield of high spin iron is
greater in samples containing cryoprotectants (glyc-
erol/ethylene glycol) which also favour observation
of the g = 1.6 form of iron-semiquinone.
4. Discussion
The properties of a high spin iron (g = 6) EPR
signal previously attributed to a Cyt b559 hydroxy
adduct have been further investigated and the results
cast doubt on this assignment for the g = 6 signals
found in oxygen-evolving PSII membranes. The
properties of this high spin iron signal are (1) a
slow formation in the dark with an increased yield
at lower pH, by preillumination of the sample or by
preoxidation of Cyt b559 with FCCP. (2) The high
spin iron signal can be photoreduced at cryogenic
temperatures. (3) Its formation is prevented by re-
Fig. 7. E¡ect of cryoprotectant on the yield of the g = 6 and
g = 1.6 EPR signals. PSII membranes (8 mg Chl/ml) were illu-
minated at 273 K then 4 h dark-adapted. Spectra show the dif-
ference spectrum caused by illumination at 9 K for each sam-
ple. A, containing 30% ethylene glycol, B, 20% glycerol and
C, 0.33 M sucrose as cryoprotectant. EPR conditions as in Fig.
1. The g = 6 and g = 1.9 regions are arrowed.
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moval of oxygen. (4) A correlation is demonstrated
between its formation and the observation of the
g = 1.6 EPR signal attributed to Qac3 Fe2 Qbc3
[8^10]. (5) The high spin iron signal lineshape and
yield are a¡ected by cryoprotectants.
The data clearly rule out a hydroxy adduct of Cyt
b559 [14^16], as this would not be favoured as the pH
is lowered. The results described do not rule out Cyt
b559 although data such as the increased yield of the
g = 6 signal following FCCP treatment to fully oxi-
dise Cyt b559 to the low spin form, argue against its
involvement unless some conversion of oxidised low
spin cytochrome to high spin can subsequently occur,
perhaps by interaction with oxygen or an active oxy-
gen species. The axial or near axial lineshape and g-
value of the g = 6 signal observed in oxygen-evolving
PSII membranes imply a nearly symmetrical site, cer-
tainly di¡erent to the rhombic high spin iron signal
usually observed from the oxidised non-haem iron of
PSII. The results show that this site can be modi¢ed
by small cryoprotectants. This could re£ect a di¡er-
ence in the occupancy or ligands of the Qb site, i.e.
site empty in rhombic case and ¢lled in axial. Indeed
an axial high spin iron signal is observed in samples
treated with o-phenanthroline, which probably hy-
drogen bonds to the non-haem iron, and an axial
component is also present following treatment with
3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) [5].
We do not compare the g = 6 signals found in PSII
membranes with those found in the more puri¢ed
preparations used in [12] or [17] as these preparations
have major structural changes to PSII, e.g. around
the electron acceptors, displacing quinone and prob-
ably also the non-haem iron [13]. Therefore spin
state changes to Cyt b559 may occur in these prepa-
rations.
The non-haem iron can be oxidised by the Qbc3/
QbH2 couple of high potential quinones such as
PPBQ and a suggestion of direct oxidation by oxy-
gen has also been made [11]. The redox potentials
(Em7) of plastoquinone in protic media are [23]
Q3/Q 3165 mV and QH2/Q3 +385 mV with Q3
having a pKa near 5, suggesting that the PQH2/
PQ3 can theoretically be involved in the oxidation
of non-haem iron or Cyt b559. The protein environ-
ment modulates the properties of Qb to allow it to be
sequentially reduced by Qa, ¢rstly to Qb semiqui-
none and then QbH2. The semiquinone is unstable
but binds much more tightly at the Qb site than the
quinone or quinol [1,24]. Only a small di¡erence in
Em is allowed between the ¢rst and second electron
transfer from Qa to Qb for both to proceed. The
redox properties of Qb therefore need to be tuned
when compared to plastoquinone. Protonation at or
near Qbc3 also has to occur before the second elec-
tron arrives in order to poise the redox potential in
the correct range. Qbc3 is not thought to be directly
protonated but, as in purple bacteria, nearby proto-
nation provides stabilisation [24]. The various redox
potentials of the major Qb couples are thought to
be Qb/Qbc3 345 mV, Qbc3/QbH2 +290 mV, Qbc3/
QbH3 +140 mV and Qbc3/Qb23 3292 mV [22].
Therefore for Qb to be able to oxidise the non-
haem iron (Fe2/Fe3 +400 mV Em7), the redox cou-
ples would have to be modi¢ed from the functional
state towards that of free plastoquinone.
Our earlier work on EPR signals from Qac3 and
Qbc3 concluded that Qb semiquinone was involved
in the formation of the g = 1.6 EPR signal [8^10].
The time course for formation of the precursor to
the g = 1.6 signal was slow (dark adaptation for at
least 45 min) and the lineshape of the g = 1.6 signal
was unexplained [8^10]. The results in this work sug-
gest an explanation for the previous data and the
events that occur on the electron acceptor side of
PSII during dark adaptation of PSII membranes.
The time course of events during dark adaptation
of PSII is suggested to be as follows. A slow forma-
tion of Qbc3 occurs by oxidation of plastoquinol. A
number of oxidants including oxygen and intrinsic
PSII cofactors such as YcD and Cyt b559 could be
responsible for this. The result showing an oxygen
requirement (Fig. 6) cannot distinguish between a
requirement for quinol oxidation or a requirement
for direct non-haem iron oxidation. The high spin
iron signal appears more slowly than Qbc3, the re-
sults suggesting that Qbc3 formation is required be-
fore the high spin iron can form. The high spin iron
then forms by oxidation of the non-haem iron either
by oxygen species or semiquinone. In untreated sam-
ples the low spin autooxidised form of Cyt b559 in-
creases with dark storage. Oxygen or an intrinsic
PSII component (as above or perhaps the Qbc3/
QbH2 couple) may be involved as oxidant.
Recent work [25] has suggested that the low po-
tential form of Cyt b559 is responsible for reoxidation
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of the PQ pool and then the Cyt b559 is reoxidised by
oxygen as part of mechanisms to protect PSII.
Where oxygen is involved, active oxygen species
such as superoxide and peroxide are formed. The
high spin iron signal could arise from oxidation of
the non-haem iron by a modi¢ed Qbc3/QbH2 couple
or by direct oxidation by oxygen or peroxide. Reduc-
tion of oxygen to superoxide is easy and can occur
by reaction with Fe2, plastosemiquinone or possibly
anionic plastoquinol. Superoxide readily forms per-
oxide, superoxide dismutase (SOD) catalyses the dis-
proportionation of superoxide giving peroxide and
oxygen in a one-electron reduction oxidation cycle.
The redox potential of the metal site in SOD is
between (preferably near the middle of) 3160 mV
(oxygen to superoxide) and +890 mV (superoxide
to peroxide) [26], with protonation occurring on
reduction. The non-haem iron of PSII ¢ts these cri-
teria and may act as a weak superoxide dismutase.
Superoxide is formed by PSII [27] and Cyt b559 has
already been proposed as an intrinsic superoxide dis-
mutase [28]. The e¡ect of FCCP, a lipid soluble pro-
ton carrier, may result from its action to increase
proton availability within membrane. This can in-
crease the level of the protonated superoxide HO2
(pKa 4.7 Oc32 /O
c
2H), which can more easily di¡use
and dismutate.
Isolation of PSII membranes is generally not re-
garded as changing the properties of PSII signi¢-
cantly, as high rates of electron transfer from water
to plastoquinone still occur. However, a number of
changes do occur, of which most result from the loss
or damage to systems that normally protect PSII
from oxygen and photodamage. The mechanisms
that protect photosynthetic membrane complexes
from oxygen damage involve largely soluble compo-
nents [29], which are lost during the preparation of
thylakoid and PSII membranes. The absence of these
systems means that the role of oxygen as an electron
acceptor increases and the generation of reactive
oxygen species is more likely. The detection of the
g = 6 signal would then result from this as would the
steady accumulation of oxidised cofactors during
dark adaptation of PSII. Other changes occur in
PSII membranes, such as autooxidised Cyt b559 and
the oxidation of chlorophyll radical at cryogenic tem-
peratures, that are not seen or are very minor in
rapidly isolated thylakoid membrane samples. There-
fore PSII membranes do have altered PSII character-
istics that increase with time.
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